It is well established that three types of RNA-ribosomal, transfer, and messenger -are found in most cells, each performing an essential role in protein synthesis. Annealing studies' indicate that the sequential arrangement of nucleotides in each species of RNA is reflected by a complementary sequence of nucleotides located in some portion of the chromosomal DNA. This and other biochemical evidence' strongly suggest that some, if not all, of the RNA is made on a DNA template. Autoradiographic studies2 in higher organisms further indicate that most of the RNA of the cytoplasm is nuclear in origin; some RNA appears to be synthesized in the bulk of the chromatin and some appears to be synthesized in the nucleolus. By adopting a combined biochemical and autoradiographic approach, it should be possible to identify and trace the pathways of each type of RNA separately in the intact cell. This approach has recently been used by Perry3 in studying ribosomal and messenger RNA. The investigation presented here is a similar attempt to trace the pathways of transfer RNA (tRNA) in cells of Vicia faba meristems and is based on an extraction method for removing tRNA without removing other types of nucleic acid from fixed tissue. [Here transfer RNA is considered equivalent to soluble RNA (sRNA). ]
It is well established that three types of RNA-ribosomal, transfer, and messenger -are found in most cells, each performing an essential role in protein synthesis. Annealing studies' indicate that the sequential arrangement of nucleotides in each species of RNA is reflected by a complementary sequence of nucleotides located in some portion of the chromosomal DNA. This and other biochemical evidence' strongly suggest that some, if not all, of the RNA is made on a DNA template. Autoradiographic studies2 in higher organisms further indicate that most of the RNA of the cytoplasm is nuclear in origin; some RNA appears to be synthesized in the bulk of the chromatin and some appears to be synthesized in the nucleolus. By adopting a combined biochemical and autoradiographic approach, it should be possible to identify and trace the pathways of each type of RNA separately in the intact cell. This approach has recently been used by Perry3 in studying ribosomal and messenger RNA. The investigation presented here is a similar attempt to trace the pathways of transfer RNA (tRNA) in cells of Vicia faba meristems and is based on an extraction method for removing tRNA without removing other types of nucleic acid from fixed tissue. [Here transfer RNA is considered equivalent to soluble RNA (sRNA) . ] Materials and Methods.-(A) Preparation of frozen tissue powder for biochemical study: Meristems of rapidly growing seedlings of Vicia faba (English broad bean) were used throughout the study. Approximately 500 seeds were germinated in moist chambers at 18'C and after approximately 4 days the cotyledons were removed and the central axis (approximately 2 cm long) was frozen in liquid nitrogen. This material was ground to a fine powder in liquid nitrogen with a coffee mill and stored for later use at dry-ice temperature.
(B) H3-cytidine treatment and freeze ethanol-substitution of roots for sectioning and autoradiography:
Four-day-old intact seedlings were transferred to a mineral nutrient solution and after secondary roots formed, the seedlings were transferred again to small beakers of fresh mineral solution containing 4.0 lsc/ml of H3-cytidine (2.5 c/mmole). At 15-min intervals up to a period of 1 hr several roots were frozen in isopentane at -160'C and dehydrated by ethanol-substitution at -400C for 3 days;4 the substituting mixture was 0.67% potassium acetate (KAc) in absolute ethanol. The presence of KAc in the alcohol renders low-molecular-weight RNA's insoluble. After the 1-hr period of labeling, the remaining roots of intact seedlings were transferred to a nonradioactive mineral solution containing 0.5 mg/ml of cytidine, which is approximately 1200 times the amount of cytidine per ml as was present in the radioactive solution. At hourly intervals several roots again were frozen and processed by ethanol-substitution.
(C) Isolation of total RNA from frozen tissue powder: Twenty gm of frozen tissue powder were homogenized for 30 see in 59 ml of water in a Waring Blendor at 2VC, mixed with 61 ml of freshly distilled phenol, and shaken overnight at room temperature. The mixture was then centrifuged for 1 hr at 8000 X g at 5°C, and the top aqueous phase containing the nucleic acids was withdrawn, extracted three times with equal volumes of ether to remove the residual phenol, and bubbled through with nitrogen for 30 min to remove the residual ether. The resulting extract was then dialyzed at 2VC overnight against a solution of 0.15 M NaCl and 0.15 M sodium acetate (NaAc), adjusted to pH 5.0 with acetic acid (HAc), and finally frozen and stored at -20'C for later analysis.
(D) Ethanol-substitution and fixation offrozen tissue powder: Twenty gm of frozen tissue powder were added to 50 ml of absolute ethanol at -400C containing 0.34 gm of KAc and the mixture was stirred continuously in a cryostat maintained at -40'C for 3 days. After this ethanolsubstitution step the tissue suspension was warmed to -20oC, centrifuged, and the supernatant was replaced with fresh absolute ethanol-KAc mixture at -20'C. Upon further warming to room temperature and by a series of steps involving centrifuging, decanting, and resuspending in fresh solvent, the tissue was transferred through several changes of pure absolute ethanol, toluene, and back to absolute ethanol.5 The tissue was then cooled to 2VC, fixed by resuspending in cold 67% ethanol containing 0.67% KAc, centrifuged, and after discarding the supernatant the tissue was similarly washed three more times with fresh solution so that the total time the tissue was in the cold fixative was 90 min.
(E) Isolation of differentially extracted RNA from ethanol-substituted and fixed tissue powder: The tissue residue of (D) was then resuspended in 59 ml of an extracting mixture consisting of cold (20C) 0.01 M MgCl2, 0.3 M NaCl, and 0.001 M tris buffer adjusted to pH 7.4 with HCl, blended for 30 see in an ice-cooled Waring Blendor, stirred for 15 min at 2VC, and centrifuged at 40,000 X g for 10 min. The supernatant was again centrifuged in a Spinco model L ultracentrifuge at 150,000 X g for 100 min at 4VC to sediment free or attached ribosomes that might be in the solution. This supernatant was then treated with phenol and the subsequent steps were performed as described under (C) for the isolation of total RNA. The tissue residue of the above 40,000 X g centrifugation was washed once with cold solvent and saved for the isolation of residual RNA's.
(F) Isolation of residual RNA's from ethanol-substituted and fixed tissue powder after removal of differentially extracted RNA: The tissue residue of (E) was resuspended in 59 ml of cold water to which 61 ml of freshly distilled phenol was added to extract nucleic acids remaining in the tissue. Processing of the phenol mixture and resulting extract again was identical to that described under (C).
\G) Chemical analysis of the various RNA preparations: The following tests were done: (1) estimation of the amount of total nucleic acid present by measuring the amount of ultraviolet light absorbed at 260-mu wavelength of an aliquot, (2) The solvent used in the column runs (at 30C) was 0.15 M'NaCl, 0.15 M NaAc with pH adjusted to 5.0 with HAc; the flow rate was approximately 6 ml per hr; the volume of each fraction collected was approximately 1.3 ml; and 2-ml aliquots containing between 7 and 20 OD units of nucleic acid were used for each fractionation.
(H) Fixation and differential extraction of tissue sections on unexposed photographic emulsions, and autoradiography: After freeze ethanol-substitution (as described under (B) above), whole roots in the substitution mixture were warmed to room temperature, passed through several changes of absolute ethanol including a graded series of ethanol-toluene mixtures, and finally embedded in paraffin for sectioning. Sections were cut at 3 a, attached in the dark to dry AR-10 stripping film, previously mounted on blank slides with sensitive side of emulsion up, by gentle flooding of the sections with toluene to remove the paraffin and air-drying the sections in place with absolute ethanol. All slides were then placed in the cold 67% ethanol-KAc solution and fixed for 90 min. Half of the slides for each H3-cytidine incorporation period were rinsed in absolute ethanol and air-dried while the other half were treated with the cold extracting mixture (0.01 M MgCl2, 0.3 M NaCl, and 0.001 M tris buffer at pH. 7.4) for 30 min, rinsed in the above cold fixative, and finally air-dried from absolute ethanol. The fixation and differential extraction procedures described here for tissue sections are identical to those described under (D) and (E) for tissue powder. Unextracted sections and differentially extracted sections, therefore, were obtained for each set of experimental conditions. All of the above fixations and extractions were carried out in a darkroom with a Wratten series 1 safelight. Exposures of the film to the radioactive sections ranged from 1 to 4 weeks and development conditions were like those published elsewhere.8 After being washed to remove the acid fixer, the slides were treated with ribonuclease to remove the remaining RNA and finally stained with 0.5% aqueous toluidine blue to make only the chromatin visible.
(I) Determination of the concentration of labeled tRNA in the autoradiographs: Camera lucida drawings of ten cells from both extracted and unextracted sections for each treatment period were made on graph paper. Areas of nucleoli, chromatin, and cytoplasm were determined from each drawing by counting the grid intersections falling within each compartment. Silver grains were counted for each compartment and grain concentration, expressed as number of grains per unit area (volume), was calculated. Assuming that the differential extraction procedure removes only tRNA, the concentration of labeled tRNA for each compartment and for each treatment period was then calculated by subtracting the means of the appropriate concentration values for the differentially extracted sections from the corresponding means of the unextracted sections.
Results.-Biochemical studies: Figure 1 shows the elution pattern on a G-100 Sephadex column of total RNA prepared from Vicia faba tissue powder by method (C) described above. The three RNA peaks have been partially characterized. Sephadex generally fractionates according to size of molecule so that the first substance eluted should correspond to the largest molecular-sized species and the last substance eluted to the smallest. All tubes containing RNA from the third peak (tubes 33 through 46) were pooled and this fraction was compared with the fraction obtained from the combination of tubes from the first two peaks (tubes 15 through 32) for its ability to form a complex (aminoacyl tRNA) with C'4-leucine in the presence of an enzyme extract prepared from frozen Vicia faba powder.' Leucine was chosen because it have not been further characterized.
Judging from the relative amounts and nature of the peaks, however, it is probable that the largest molecular-sized class corresponds to ribosomal RNA, and the intermediate molecular-sized class to polydispersed messenger RNA. Further work on the characterization of these peaks is in progress. If this latter prediction is correct, Sephadex gel filtration would be a useful method for the isolation of messenger RNA.
In Figure 2 we see the results of a two-step extraction process applied to ethanolsubstituted and fixed tissue powder: (1) In the first step the fixed tissue powder is differentially extracted (procedure (E) in Methods). This RNA (open circles) shows the same elution pattern as the third peak in Figure 1 ; it can also be seen from Table  1 that these two RNA's have the same capacity for combining with leucine. (2) After the differentially extracted RNA has been removed, a second step is carried out to isolate the residual RNA (procedure (F) in Methods); in Figure 2 VOL. 54, 1965 BIOCHEMISTRY: WOODS AND ZUBAY 1709 pattern of the residual RNA (closed circles) shows the first two peaks in the same relative amounts as in Figure 1 but with the almost complete absence of the third peak. It has been calculated that the differential extraction procedure results in the selective removal of 87 per cent of the RNA corresponding to the third peak in Figure 1 . Whether the tissue powder is fixed (procedure (D) in Methods) or not prior to isolation of RNA does not affect the total yield of nucleic acid nor the character of the elution pattern. Amino acid binding capacity also is unaffected.~~t~~~~~* Autoradiographic studies: Figures 3 and 4 are examples of typical autoradiographs. Figure 3 shows autoradiographs of root cells treated with Ha-cytidine for 1 hr, where (a) is of an unextracted section and (b) is of a differentially extracted section. There is a uniform reduction of radioactivity for the cytoplasm and chromatin after this treatment. No reduction appears for the nucleolus. Figure 4 shows autoradiographs of cells of a similarly treated root but where H3-cytidine treatment is followed by a 2-hr chase with a 1200-fold increase of unlabeled cytidine.
>1.5-DIFFERENTIALLY S | t t t~ẼX T R A C T E D R N t
The uniform reduction of radioactivity is noticeable for the cytoplasm of the extracted section (Fig. 4b) and very little reduction appears in other parts of the cell.
Quantitative data showing changes in concentration of presumably labeled tRNA during the course of the experiments for the nucleolus, chromatin, and cytoplasm are summarized in Figure 5 . These data were obtained by subtracting the concen- Right-hand part of abscissa refers to structures. In particular we might not expect chase period in hours following the 60-tRNA bound to ribosomes to be released by min treatment with H'-cytidine.
this solvent.9 Thus the unextracted tRNA of the biochemical study (13%) might give an upper limit to the amount of ribosomebound tRNA that is not detected by the autoradiograph method. This differential extraction technique was sufficiently delicate so that it could be applied to sections on unexposed photographic emulsions. Since treatment of the tissue by the two methods was parallel, it can be assumed that the results of each are also parallel. The course of tRNA was followed, therefore, during the experiments by measuring the uptake of H3-cytidine as grains per unit volume into the nucleic acids of the various cellular compartments, the difference in these values before and after differential extraction being used as a measure of the concentration of labeled tRNA. The uniform reduction of radioactivity for the chromatin and cytoplasm, illustrated in Figure 3 , after differential extraction indicates that labeled tRNA is present in these structures and is not localized to any part of each structure. The nucleolus apparently contains no tRNA since no reduction of radioactivity appears in this structure. After a 2-hr chase with cold cytidine, illustrated in Figure 4 , uniform reduction of radioactivity by differential extraction is noticeable only for the cytoplasm and serves to indicate the presence of tRNA only in this one compartment after this treatment. It is also evident from the differentially extracted sections (Figs. 3b and 4b ) that much labeled material remains in the cells after most of the tRNA is removed. This probably represents other types of RNA, RNA precursors, or DNA. These nontransfer types of nucleic acid accumulate in the nucleolus during treatments VOL. 54, 1965 BIOCHEMISTRY: WOODS AND ZUBAY 1711 with H3-cytidine (Fig. 3b) , and they tend to spread to the cytoplasm during the chase period (Fig. 4b) . Since DNA does not occur in these nucleoli, label in this structure must represent nontransfer type RNA's or RNA precursors. From the summary of autoradiographic results presented in Figure 5 it can be seen that the concentration of labeled tRNA in the chromatin rises rapidly for the first 45 min of treatment with H3-cytidine. The concentration of labeled tRNA in the cytoplasm rises at a lower linear rate and for the entire hour of labeling. No labeled tRNA appears in the nucleolus at any time. During the chase period the concentration of labeled tRNA for the chromatin declines rapidly while that for the cytoplasm declines only slightly.
When the conentration values of labeled tRNA for the cytoplasm are converted to total labeled tRNA values10 and added to the corresponding concentration values for the chromatin, the average value for the total labeled tRNA of a cell for each treatment period may be calculated and plotted (dashed line in Fig. 5 ). The amount of labeled tRNA rises linearly throughout the entire treatment period with H3-cytidine. However, at the beginning of the chase there is an abrupt shift in the rate of incorporation into tRNA and during the chase a distinct decline in amount of labeled tRNA per cell occurs. Such a decline might reflect the stability of the molecule in the cell.
These findings are consistent with the view that some tRNA is synthesized in the chromatin and that later it diffuses to the cytoplasm. However, if all of the labeled cytoplasmic tRNA was accounted for by nuclear synthesis, an initial lag in the labeling pattern of the cytoplasm would be expected. On the contrary, the data indicate that cytoplasmic tRNA labeling appears almost immediately and increases linearly throughout the hour of treatment with H3-cytidine. An appreciable amount of cytoplasmic tRNA labeling must come from some pathway other than that of the nucleus. It is possible that some de novo tRNA synthesis occurs in the cytoplasm. A priori it seems far more likely that the extra labeling is accounted for by the addition of cytidine residues to the end of the tRNA molecule at the time the terminal ... cytosine-cytosine-adenine grouping is attached. It is well known in other systems that the tRNA which invariably contains this nucleoside terminal grouping also shows addition of the respective nucleotides in a stepwise fashion." The enzyme which incorporates the trinucleotide terminus into tRNA has been isolated'2 and is distinct from DNA-dependent RNA polymerase. The heavy labeling of the terminal grouping which is being suggested here is being tested for.
The lack of tRNA labeling in the nucleolus is very striking and demonstrates that little or no tRNA exists in this structure. This observation contradicts the suggestion of Birnstiel, Fleissner, and Borek, and others'3 that the nucleolus is a center for the methylation of tRNA.
Summary.-Parallel biochemical and autoradiographic experiments were performed on growing Vicia faba meristems. A highly specific extraction procedure has been developed which quantitatively removes most of the tRNA from frozen ethanol-substituted and fixed tissue without removing other forms of RNA or DNA. When this procedure is applied to sections of H3-cytidine-treated roots, autoradiography of tRNA alone is possible. Grain-count data indicated (1) that some tRNA is first synthesized in the chromatin and that later it diffuses to the cytoplasm, (2) that the nucleolus contains no measurable tRNA, and (3) that some tRNA
